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We use single or few Cs atoms as thermometer for an ultracold, thermal Rb cloud. Observing the
thermometer atoms’ thermalization with the cold gas using spatially resolved fluorescence detection,
we find an interesting situation, where a fraction of thermometer atoms thermalizes with the cloud
while the other fraction remains unaffected. We compare release-recapture measurements of the
thermometer atoms to Monte-Carlo simulations while correcting for the non-thermalized fraction,
and recover the cold cloud’s temperature. The temperatures obtained are verified by independent
time-of-flight measurements of the cold cloud’s temperature. We also check the reliability of our
simulations by first numerically modelling the unperturbed in-trap motion of single atoms in absence
of the cold cloud, and second by performing release-recapture thermometry on the cold cloud itself.
Our findings pave the way for local temperature probing of quantum systems in non-equilibrium
situations.
PACS numbers: 67.85.-d, 05.30.Jp, 34.50.Cx, 37.10.Gh
I. INTRODUCTION
Thermometry of quantum gases has recently at-
tracted much interest especially for non-equilibrium sit-
uations [1–3]. An interesting question regards the lo-
cal state of a system. An appealing option to experi-
mentally address this question is the use of single atoms
as thermometers immersed in the ultracold gas, which
can be understood as the most extreme case of minor-
ity species thermometry [4–8]. In order to serve as a
local temperature probe, the particle should, first, ther-
malize much faster with its local environment than the
many-body system does globally. Second, detection of
the probe atoms should feature high spatial resolution.
And third, the probe should not affect the temperature
of the many-body system. This suggests using few or
even single particles having a much larger inter-species
interaction, hence thermalization rate with atoms of the
gas, than the intra-species interaction of the gas atoms.
We realize such a system by using single 133Cs atoms
as thermometers for a cold, thermal 87Rb cloud, where
the inter-species scattering length is ≈ 6.3 times larger
than the Rb-Rb intra-species scattering length [9, 10]
and may also be tuned by employing a Feshbach reso-
nance [11]. The determination of a single thermometer
atom’s temperature relies on measuring the energy distri-
bution of an average over many identical realizations. For
Maxwell-Boltzmann distributed energies, a temperature
can be assigned. While the energy distribution of tightly
confined particles may be measured via vibrational spec-
troscopy [12, 13], we focus on a complementary method
which can be applied to weakly confined particles, where
the vibrational states within the external potential are
too small to be resolved. This so-called release-recapture
method detects the remaining fraction of trapped atoms
after a short release from the trap for a variable period of
time [14, 15]. The data is compared to Monte-Carlo simu-
lations assuming different initial temperatures to identify
the simulation temperature reproducing the experimen-
tal data.
Experimentally, the cold Rb cloud is prepared in a
dipole trap, the single Cs atoms are transferred to the
same potential and after an evolution time, a release-
recapture experiment is performed, similar to our previ-
ous work [16]. For various temperatures between 1 and
5µK, we measure the thermometer atoms’ spatial distri-
bution and observe the atoms separating into two distinct
fractions. The first fraction thermalizes with the cold Rb
cloud, whereas the second fraction does not and oscil-
lates freely in the trap. Hence, information about the
cloud temperature is only encoded in the first, thermal-
ized fraction. Performing release-recapture experiments
on the thermometer atoms with and without a cold cloud
enables us to account for the non-thermalized fraction’s
influence. Consequently, we retrieve the cloud’s temper-
ature, in quantitative agreement to independent time-of-
flight measurements of the cloud. We further show the
reliability of our method and its applicability to different
scenarios, by performing release-recapture thermometry
directly with the cloud, again in quantitative agreement
to time-of-flight thermometry.
II. EXPERIMENTAL SYSTEM
We prepare cold, thermal clouds with typically 1 ×
104 . . . 5×104 Rb atoms in the |F = 1,mF = 0〉 state and
temperatures between 0.1 and 5µK in a crossed dipole
trap at 1064nm. The traps involved in the preparation
of both species are schematically shown in Fig. 1. For
experiments with Cs, the trap frequencies are typically
ωr = 2pi × 1.8 kHz radial to the horizontal beam and
ωax = 2pi×60Hz in axial direction, nearly equal for both
species. The trap depth is 260µK × kB (150µK × kB)
for Cs (Rb), leading to Rb cloud densities on the order
of 1012 - 1013 cm−3.
2FIG. 1. Schematic drawing of the involved traps and the cal-
culated dipole potential for Cs used for the measurement dis-
cussed in section IV. The single atom MOT (yellow, dashed)
is located left of the dipole trap crossing region (red). A
conveyor-belt lattice (blue) is used to freeze the axial motion
of the single atoms during fluorescence imaging. The vertical
dashed line indicates the potential minimum.
For the thermometer atoms, up to ≈ 6 Cs atoms
are trapped from the background gas in a high gradi-
ent magneto-optical trap (MOT), located approximately
300µm away from the potential minimum of the dipole
trap. Released from the MOT, the Cs atoms move toward
the Rb cloud at the trap center, where they serve as ther-
mometers. To measure the Cs atoms’ spatial distribu-
tion, we ramp up a one-dimensional optical conveyor-belt
lattice along the horizontal dipole trap beam to freeze
the atomic position in one dimension. The lattice laser
has a wavelength of λlat = 790 nm, blue-detuned for Cs
with a maximum potential of 830µK × kB. To avoid
light-assisted Cs loss [17–20] during final imaging, the
Rb cloud is pushed out of the trap with near-resonant
light. Subsequently, the horizontal dipole trap depth for
Cs is increased to 1480µK× kB and an optical molasses
is switched on for Cs. Fluorescence detection allows to
image the Cs atoms with a resolution of 1.6µm, revealing
their spatial distribution. This high resolution imaging is
restricted to a field of view of 246µm, much smaller than
the length scale at which relevant dynamics take place.
We therefore extend our effective field of view by shift-
ing distant parts of the lattice into the imaging region
and stitch the individual partial images. If we are only
interested in the number of Cs atoms, a different, faster
scheme is employed: Without using the optical lattice,
Rb is pushed out of the dipole trap, the Cs atoms are
transferred back to the MOT and their fluorescence level
is used to determine the atom number [21, 22]. A more
detailed description of our experimental setup is given in
[23].
III. RELEASE-RECAPTURE PROCEDURE
AND SIMULATIONS
We measure the atomic temperature with a release-
recapture procedure, that is both applicable to the cold
Rb cloud and single Cs atoms, but the experimental
details vary. In this section, we focus on the release-
recapture procedure for the Cs thermometer atoms.
For a release-recapture measurement, the dipole trap is
switched off for a short, variable release time. During
the release, the spatial distribution of the atoms expands
due to their thermal energy and the atoms fall freely, due
to gravity. A short push-out pulse for Rb consisting of
resonant cooler and repumper light is applied 200µs af-
ter the release, which is advantageous for two reasons:
First, the chance of collisions between Cs and already
accelerated Rb atoms is minimized, since the Rb density
continually decreases during release. Second, the prob-
ability of light-assisted Cs loss during the pulse is mini-
mized because even low momentum transfer can separate
the two species rapidly, as there is no trapping force. Af-
ter recapture, a release-time dependent fraction of atoms
have enough energy to escape the trap. The probabil-
ity for an atom escaping the trap, however, does not
only depend on its total energy but on the distribution
of that energy to the atom’s degrees of freedom. Af-
ter a typical waiting time of 50ms for losses to occur,
the recaptured atoms are transferred to the MOT, where
their number is detected. From the fraction of remaining
atoms as a function of release duration (’release-recapture
curve’), the atoms’ initial temperature can be deduced.
Although there is an approximative formula [15] to pre-
dict the release-recapture curve for a given temperature,
the approximations, e.g. neglecting gravity, do not ap-
ply to our case. Therefore, we employ a classical Monte-
Carlo method to simulate the atoms’ dynamics from their
release to the detection: The atoms are modeled as point
masses that do not interact with each other and are ex-
posed to gravity and dipole trap forces. A 3rd order
Runge-Kutta method is used to solve the equations of
motion. Representative initial phase space coordinates
for the thermometer atoms are obtained numerically by
an iterative process: We start with 1000 atoms located
at the trapping potential minimum. In each iteration
step, new, Maxwell-Boltzmann distributed velocities for
the desired temperature are assigned to the atoms and
their phase space coordinates are evolved for a time, short
compared to the trap oscillation period. The assignment
of new velocities in each step effectively models a con-
tact to a thermal bath, compensating the transition of
thermal to potential energy as the position distribution
expands to its equilibrium size during the time evolution.
The process is repeated until the position distribution has
converged. The final sample of trapped thermal atoms
represents the statistical velocity and position distribu-
tions. This sample’s phase-space coordinates are time-
evolved to the end of the waiting time for each release
time. Subsequently, the atoms remaining in the trapping
3region are counted, yielding a prediction for a release-
recapture curve for the given temperature. The simu-
lation relies on precise knowledge of the trap geometry
and its time dependence. Therefore, the trap geometry is
determined with the help of Rb trap frequency measure-
ments. Furthermore, absorption pictures of the Rb cloud
are taken to determine where the two dipole trap beams
intersect with respect to the horizontal beam’s focus po-
sition. Also, the time-dependence of the beam powers
are recorded for each release-time, such that delays and
ramp-response functions are included in the simulation.
IV. SINGLE ATOM DYNAMICS AND
POSITION-RESOLVED THERMALIZATION
DYNAMICS
Since we are interested in the temperature of individ-
ual Cs thermometer atoms thermalized with the Rb gas,
it is important to precisely know the time dependent spa-
tial distribution of thermometer atoms in the trap. This
allows identifying, for example, the onset of thermaliza-
tion when the atoms find first contact with the cloud af-
ter extinguishing the MOT. More importantly, it allows
determining the time of maximum separation between
the thermalized and the non-thermalized fractions of Cs
atoms. First, we record the Cs dynamics without Rb
by extinguishing the MOT and switching on the lattice
potential after a variable evolution time. The dynam-
ics in Fig. 2 show quasi-harmonic center-of-mass oscil-
lations, while the dispersion of the position distribution
originates from the atoms’ thermal energy and the an-
harmonicity of the trap. We fit the data with a classical
Monte-Carlo simulation and find good agreement for a
Cs temperature of 1.9µK, consistent with [24] for our
MOT parameters. Thus, the Cs atoms occupy a non-
thermal state in a ∆Ekin = 1.9µK × kB wide energy
band of axial vibration states at the potential energy of
their initial position Epot = 16µK× kB. In this simula-
tion, the Cs atoms initially have Maxwell-Boltzmann dis-
tributed velocities and are normally distributed around
z = 0.133mm with standard deviations of σr = 7.6µm
in radial direction and σz = σr/2 in the observed, axial
direction.
The dynamics strongly change when a Rb cloud is
present in the crossing region of the dipole trap, as shown
in Fig. 3: A fraction of Cs atoms localizes at the posi-
tion of the cloud, as soon as they get in contact with
Rb. The transition of these atoms to the thermalized
state appears quasi-instantaneously, suggesting a fast
thermalization. This is consistent with high collision-
rates of 3.1 - 5.4 kHz at the examined peak Rb densities
of 5.5 × 1012 . . . 1.2 × 1013 cm−3, caused by a relatively
large inter-species scattering length of aRbCs ≈ 630aB [9]
with aB the Bohr radius. While these atoms may serve
as thermometers for the cloud, the complementing frac-
tion of Cs atoms oscillates unperturbed to the opposite
side of the crossing region. This non-thermalized frac-
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FIG. 2. Dynamics of single Cs atoms in the crossed dipole
trap. Many fluorescence images of single or few Cs atoms
(a) are taken at a time t after extinguishing the MOT. The
accumulated signal for t = 5ms is shown in (b). A quanti-
tative analysis is given in the histograms (c)-(h), where the
experimentally obtained atom positions (orange, borderless)
are shown together with Monte-Carlo simulation (light-blue,
solid border) for t = 5, 9, . . . , 25ms. The simulation time
starts with a delay of 3.3ms, taking account for the slowly
decaying magnetic field of the MOT. Maximum overlap be-
tween experiment and simulated data is obtained for a MOT
located at 0.133mm at a temperature of 1.9µK. The vertical
dashed line indicates the position of the potential minimum.
tion depends on the Rb cloud’s size and density: Fig. 3
exemplarily shows spatial Cs distribution measurements
for Rb clouds at 2.2µK and atom numbers of 6.6 × 103
and 14 × 103, where 45% and 25% of the Cs atoms, re-
spectively, continue oscillating.
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FIG. 3. Spatial density distribution of Cs (orange bars) with
Rb at 2.2µK (blue line) with 6.6×103 (a) and 14×103 atoms
(b) being present in the crossing region of the trap at the time
when the non-thermalized fraction of Cs reaches the right
turning point in the trap. The fraction of non-thermalized Cs
is decreased in (b) due to a higher density of Rb, thus higher
effective cross-section for collisions.
V. SINGLE ATOM THERMOMETRY
In our previous work [16] the thermalization of single
Cs atoms with a thermal Rb cloud was studied in the
collisionless regime [25], where the time-scale of thermal-
ization is dominated by the trap frequencies. Here, the
thermalization rate of Cs atoms within the Rb cloud is
dominated by the interspecies scattering rate, exceeding
the trap frequencies by up to a factor of 100. This is
the reason for the rapid thermalization of the Cs atoms
at first interaction with the Rb cloud, giving rise to
two distinct fractions of thermalized and non-thermalized
atoms. Since the trap frequencies of the two species al-
most match, the spatial distributions of the thermalized
fraction and the cold cloud are expected to be almost
equal as well, consistent with our observations (compare
Fig. 3 and 4 (b)). Performing release-recapture thermom-
etry selectively with the thermalized fraction is not possi-
ble, since only the total number of remaining atoms from
both fractions can be detected after the recapture. We
therefore conduct release-recapture and spatial distribu-
tion measurements on the thermometer atoms both with
and without the Rb cloud present in the trap as shown in
Fig. 5 (a). From the spatial distribution measurements in
Fig. 4, the fractional amount of non-thermalized atoms is
determined at the time of release. With this, an effective
release-recapture curve shown in Fig. 5 (b) of the ther-
malized Cs fraction is computed as the difference between
the two curves, weighted by the sizes of the respective
fractions of Cs atoms.
FIG. 4. Dynamics of single Cs atoms (orange, borderless)
without Rb (a) and with Rb (b) at an evolution time of 27ms,
when unperturbed Cs is at a turning point of its axial oscilla-
tion. The Rb density profile is shown as a solid blue line and
matches the spatial distribution of the thermalized fractions,
since the trap frequencies are almost equal for the two species.
From the fraction of atoms outside of the blue shaded area
in (b), we compute the total fraction of non-thermalized Cs
atoms (light-blue, solid border) with the help of (a). In this
measurement, 27% of the Cs atoms are not thermalized with
Rb and exhibit an unperturbed distribution.
From this effective release-recapture curve, the Rb
cloud’s temperature is identified as the temperature Trr
for which the corresponding Monte-Carlo simulation for
the thermometer atoms fits best. While the recapture
rate for the measurements discussed is around 50%,
mainly limited by the initial transfer from the MOT to
the dipole potential, it reaches unity in the simulations.
Therefore we rescale the simulated curves using a least-
squares fit to the experimental data, with the amplitude
as only free parameter. Around Trr, the χ
2 value of the
fit depends harmonically on the simulation temperature
Tsim [26, 27] and the uncertainty σT is given by
χ2 = χ20 +
(Tsim − Trr)
2
σ2
T
(1)
with χ20 being the χ
2 value of Trr. The temperatures of
the Rb cloud Trr obtained with single atom thermometry
are compared to independently measured time-of-flight
temperatures Ttof of the cold cloud itself. For time-of-
flight thermometry, absorption images of the cold cloud
are taken for two times of flight ti. The temperature
Ttof is calculated from the 1D widths σi of a Gaussian
fit to the density profiles perpendicular to the horizontal
beam, where a harmonic oscillator approximation of the
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FIG. 5. Release-recapture thermometry on the thermalized
fraction of single Cs thermometer atoms. Release-recapture
curves for Cs with Rb being present in the trap (a, blue oc-
tagons) and the correction curve for Rb being absent (a, red
circles) at an evolution time of 27ms are shown. An effective
release-recapture curve of the thermalized fraction ((b), filled
red circles) is computed as the difference between the two
curves weighted with the thermalized and non-thermalized
fraction’s size. From the Monte-Carlo simulations we deter-
mine a release-recapture temperature of Trr = 2.3 ± 0.5µK
(empty blue circles), in good agreement with the Rb time-of-
flight temperature Ttof = 2.15±0.15 µK. Inset of (b): The χ
2
values for simulated release-recapture curves at initial tem-
peratures Tsim follow a parabolic shape, while the parabola’s
slope yields the uncertainty of Trr as described in the text.
potential holds [28]
Ttof =
mRb
kB
(σ22 − σ
2
1)
(t22 − t
2
1)
(2)
with mRb the Rb mass and kB the Boltzmann constant.
Small errors ∆Ttof ∝ 1/(σ22−σ21) are obtained if one time
of flight is large, but for large times of flight absorption
imaging yields a low signal to noise ratio. Therefore,
we analyze an average of typically 120 images and ap-
ply a fringe-removal technique [29]. Fig. 6 shows good
agreement between Trr and Ttof for all measured temper-
atures, indicating a successful application of single atom
thermometry to the cold cloud.
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FIG. 6. Comparison of release-recapture temperatures Trr
to independently measured time-of-flight temperatures Ttof,
with 1σ confidence intervals. Single-atom thermometry (red
squares): The temperatures Trr of the thermalized frac-
tion of thermometer atoms agree well with the time-of-flight
temperatures Ttof of the cold Rb cloud. Blue diamonds:
Release-recapture temperatures of Rb, obtained from the
number of recaptured atoms. Systematic errors caused by
self-evaporations during the waiting time after recapture lead
to overestimated temperatures Trr, increasing with the cloud’s
temperature Ttof. Green circles: Release-recapture tem-
peratures of Rb, avoiding systematic errors caused by self-
evaporation. The gray line serves as a guide to the eye
Trr = Ttof.
VI. RELEASE-RECAPTURE THERMOMETRY
ON THE COLD CLOUD
The presented results of single atom thermometry so
far rely on the validity of our Monte-Carlo simulations.
Thus, we verify their reliability by performing release-
recapture thermometry with the cold Rb cloud itself and
comparing the temperatures obtained to independently
measured time-of-flight temperatures.
Starting with laser cooled Rb atoms in the dipole
trap, we lower the potential until the cloud is evapora-
tively cooled to the desired temperature. Subsequently,
release-recapture thermometry is performed analogously
to Cs: The trap is switched off for a short variable re-
lease time and after a waiting time of 50ms the num-
ber of remaining Rb atoms is measured with absorption
imaging. The release-recapture temperature Trr is again
obtained by comparison to Monte-Carlo simulations. A
comparison of Trr to independently measured time-of-
flight temperatures Ttof is shown in Fig. 6: Strikingly,
the release-recapture temperature Trr matches very well
for low temperatures, that correspond to low trap depths
and atom numbers, but over-estimates the temperature
of the cloud for higher temperatures, which correspond
to a deeper potential and higher atom number. This sys-
tematic error is an effect of self-evaporation, caused by
the increase in energy during the release. Short release
6Nlost
Ntot
200 µm
atomic density 0 1
FIG. 7. Release-recapture thermometry on a cold Rb cloud at
Ttof = 1.0± 0.1µK. Systematic errors due to self-evaporation
are avoided by computing the survival rates from the absorp-
tion images (top) as 1 − Nlost/Ntot, 6ms after the beginning
of the release. Experimental survival rates (red dots) best fit
a Monte-Carlo simulation (blue circles) at a temperature of
Trr = 1.2µK. The time-of-flight absorption images show re-
captured atoms at the top, while atoms lost during the release
appear below. The statistical errors do not exceed the size of
the markers.
durations lead to a negligible increase of energy, while
long release durations result in a small atomic density
after recapture, such that self-evaporation is negligible in
both cases. For intermediate release-times, however, self-
evaporation causes additional losses, resulting in a faster
decaying release-recapture curve and over-estimation of
temperature when compared to the simulations, since
self-evaporation is not included in our model.
To avoid this systematic error, the number of atoms
lost during release Nlost is measured, which is unaffected
by self-evaporation (see Fig. 7). The recaptured fraction
of atoms is given as 1 − Nlost/Ntot with the total number
of atoms Ntot. For this method, a comparison to the
time-of-flight temperatures Ttof (see Fig. 6) shows a
good agreement, even for higher temperatures that
correspond to rapid self-evaporation. In summary,
the release-recapture and time-of-flight thermometry
methods are consistent for a wide range of temperatures,
which proofs the validity of our Monte-Carlo simulations,
and hence of our release-recapture thermometry method.
VII. CONCLUSION AND OUTLOOK
We have demonstrated the use of single Cs atoms as
a thermometer for a cold thermal Rb cloud. The cold
cloud’s temperature is identified by comparing release-
recapture measurements with the thermometer atoms to
classical Monte-Carlo simulations. A precise knowledge
of the thermometer atoms’ spatial distribution proves to
be essential for release-recapture thermometry. Here, we
analyze a situation where not all thermometer atoms are
thermalized with the cold Rb cloud, and we show how
to account for the influence of the non-thermalized frac-
tion. The validity of the temperatures obtained with sin-
gle atom thermometry is verified by comparison to in-
dependently measured time-of-flight temperatures of the
cold cloud. Also, the reliability of our Monte-Carlo sim-
ulations is shown in single-species experiments for both
Cs and Rb: First, we have studied the motion of sin-
gle Cs atoms, transferred from a MOT to our trap, in
absence of the cold Rb cloud. Our simulations repro-
duce the observed time dependence of the atoms’ spatial
distribution well and yield a realistic MOT temperature.
Secondly, we have performed release-recapture thermom-
etry on the cold Rb cloud itself. The simulations yield
temperatures for the cloud consistent with independent
results of time-of-flight thermometry. For this measure-
ment, we have also identified self-evaporation as an im-
portant source of systematic errors and presented a way
to overcome these perturbations.
Our work thus paves the way to use single Cs atoms
as localized and non-perturbing temperature probes. In
particular, the optical lattice has been designed as species
selective potential, experienced only by the thermometer
atoms [30]. Thus, a Rb BEC can be quenched into a non-
equilibrium state in the trap, while the Cs atoms remain
strongly localized in the optical lattice wells. Measuring
the local energy distribution of thermometer atoms im-
mersed in such a Rb system with high time- and position
resolution will yield valuable insight into quantum non-
equilibrium dynamics as well as system-bath dynamics.
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